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論 文 内 容 要 旨	 	 	 	 	 	 	 	 	
Development of high-performance energy storage systems has recently received broad attention due to 
increasing sustainability and energy concerns. Among commercial rechargeable batteries, Li-ion batteries are 
most widely used nowadays. However, owing to decades of efforts on improving the practical performance, Li-
ion batteries have generally reached the theoretical limits. A critical issue of Li-ion batteries is the dangerous 
dendritic growth of Li during charging process, which causes high capacity Li metal anode cannot be 
practically used. On the other hand, multivalent cation batteries, such as Mg, Zn, Ca and Al batteries, have 
been drawing intense research interest as promising candidates of post Li-ion batteries because high capacity 
metal anodes can be safely used without dendritic growth. As for these multivalent cation batteries, however, 
there remain some essential problems, such as sluggish kinetics of intercalation, hindering the development 
of practical batteries. The problems of Li-ion batteries and multivalent cation batteries are usually attributed 
to intrinsic characteristics of the carrier ion and thus difficult to be solved in single-carrier system. Therefore, 
new perspectives and approaches are necessitated to develop next-generation rechargeable batteries. 
In this study, a new battery system employing both Li and Mg ions, which is referred to as Li-Mg dual-
ion batteries, is proposed and substantiated as a novel approach to construct high performance metal anode 
batteries where the essential issues associated with the Li-ion batteries and the multivalent cation batteries 
are solved by the concerted interactions of Li and Mg ions. In battery reactions, both Li and Mg ions participate 
in each of cathode and anode reaction simultaneously, which enables a rocking-chair-type structure that is 
suitable for achieving high energy densities. Two points are mainly focused: one is intercalation behavior of Li 
and Mg ion with the cathode host; The other one is electrodeposition morphology of Li-Mg alloy on the anode, 
which is regarding to whether the metal anode can be used safely. 
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Results in exploring the feasibility of rocking-chair-type Li-Mg dual-ion batteries are summarized in the 
thesis within 8 chapters.  
Chapter 1 introduces the current state of rechargeable battery technologies and explains the objectives of 
the present study. Chemistry of commercial Li-ion batteries and several typical post Li-ion batteries, such as 
multivalent cation batteries, metal-sulfur batteries, metal-air batteries and redox flow batteries is briefly 
introduced. In addition, progress and problems of Mg batteries are mentioned and the concept of Li-Mg dual-
ion batteries is described. Difference of Daniell-type structure and rocking-chair-type structure dual-ion 
batteries is discussed. Combining both Li-ion battery and Mg battery technologies, Li-Mg dual-ion batteries 
show the possibility to achieve much higher energy density if designed battery reactions can be realized. 
Chapter 2 presents details of experiment methods used in material characterization, electrochemical 
analysis, and the first-principles calculation. For electrochemical analysis, structures of three-electrode beaker 
cells and two-electrode coin cells are mentioned and methods of Cyclic Voltammetry (CV), galvanostatic 
discharge and charge experiments and Galvanostatic Intermittent Titration Technique (GITT) are briefly 
introduced. Regarding the first-principles calculations, Density Functional Theory (DFT) and DFT+U method 
are briefly described and how to compute the total energy and the electromotive force is introduced. In addition, 
Nudged Elastic Band (NEB) method is mentioned, which is an effective method to estimate the activation 
energy of cation migration in cathode hosts. 
Chapter 3 describes the prototype battery systems used to investigate electrode properties in Li-Mg dual-
ion systems. In the prototype system, Chevrel compound Mo6S8 is employed as the cathode material because 
the stable host structure and the well understood cathode properties in Li/Mg single-ion electrolytes is helpful 
for investigating intercalation behavior in the novel Li-Mg dual-ion systems. For the electrolyte, LiHMDS-
MgHMDS2-AlCl3/G3 and LiTFSA-MgTFSA2/G3 are employed, where Mg ions have distinctively different 
solvation environments. 
Chapter 4 presents the investigation of cathode properties of Mo6S8 in the two different type of Li-Mg 
dual-ion electrolytes. Electrochemical experiment results along with composition analyses indicates that a 
concomitant intercalation of Li and Mg ions occurs in the Cl-free electrolyte, LiTFSA-MgTFSA2/G3. In 
contrast, Li ions are mainly inserted into Mo6S8 in the Cl-contained electrolyte, LiHMDS-MgHMDS2-AlCl3/G3, 
which suggest the solvation structure would remarkably affect the intercalation behavior in Li-Mg dual-ion 
systems. Inductively Coupled Plasma (ICP) analysis shows that nearly the same amount of Li and Mg ions 
are inserted in a fully discharged Mo6S8 cathode in LiTFSA-MgTFSA2/G3 electrolyte. The co-intercalation of 
Li and Mg ions confirms the feasibility of the designed cathode reaction in the ideal charge and discharge 
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processes. Furthermore, compared to Mg single-ion electrolyte, a higher discharge potential of Mg 
intercalation is observed in Li-Mg dual-ion electrolyte. This result suggests that the overpotential of Mg 
intercalation is decreased in dual-ion electrolytes, which is confirmed by GITT experiments. 
In Chapter 5, the decrease of the overpotential of Mg intercalation is further studied by the first-principles 
calculations. Electromotive force of Li or Mg intercalation with Mo6S8 host was calculated using DFT+U 
method. Then, two computation models were prepared to estimate the activation energy of Mg intercalation 
in Mg single-ion electrolyte and Li-Mg dual-ion electrolyte. One model is Mg migration in Mo6S8 host which 
simulates the Mg intercalation in Mg single-ion electrolyte. The other one is Mg migration in LiMo6S8 host 
which simulates the Mg intercalation in Li-Mg dual-ion electrolyte. The computational results indicate that 
the activation energy of Mg migration in LiMo6S8 host is remarkably lower than that in Mo6S8 host, and a 
concerted motion behavior of Li and Mg ions is observed. The concerted interaction of Li and Mg ions suggests 
a novel approach to facilitate multivalent ion intercalation, which has long been a critical issue in developing 
intercalation cathode materials for multivalent cation batteries.1 
Chapter 6 presents the results on anode properties of Li-Mg alloy. The anode properties of Li-Mg alloy 
were investigated with thermodynamic analysis and electrochemical experiments. Based on the Li-Mg binary 
phase diagram, Li and Mg form substitutional solid solution at any component ratio. Using the regular 
solution model, redox potential of Li and Mg in the Li-Mg alloy was estimated. The calculated redox potential 
of Li in the alloy is found to be lower than that of Mg at any component ratio, which means the Li would prefer 
to be dissolved from the alloy during discharge process. To examine practical properties of Li-Mg alloy anode, 
CV experiments were conducted in three-electrode beaker cells with both the Cl-contained electrolyte, 
LiHMDS-MgHMDS2-AlCl3/G3, and the Cl-free electrolyte, LiTFSA-MgTFSA2/G3, with appropriate current 
collectors as working electrodes. In both two types of electrolytes, mainly one dissolution peak is observed in 
CV profiles, which shows the evidence of co-dissolution of Li and Mg from the alloy. The co-dissolution may be 
due to the difficulty of Li diffusion in the substitutional solid solution alloy, which retards the preferentially 
dissolution of Li. Electrodeposits in different types of Li-Mg dual-ion electrolytes were observed with Scanning 
Electron Microscope (SEM) to investigate whether the Li-Mg alloy can be used as a safe anode. Electrodeposits 
in Li-Mg dual-ion electrolyte show ball-like morphology, which indicates that the Li dendritic growth is 
successfully suppressed by Li-Mg co-electrodeposition. ICP analysis results show the Li-Mg ratio in the 
deposits would highly depend on the type of electrolytes. Moreover, two-electrode coin cells were used to 
simulate conditions of practical Li-Mg dual-ion batteries. Deposits on anode after changing in a Li-Mg dual-
ion coin cell (Mo6S8 cathode) shows a smooth morphology which is distinctively different to the dangerous Li 
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dendrites observed in a Li-ion coin cell. The results on anode properties confirm the feasibility of designed 
battery reactions and concerted interaction of Li and Mg ion during electrodeposition enables the use of safe 
metal anodes.2 
Chapter 7 discusses progress and challenges of Li-Mg dual-ion batteries. Possible approaches are 
mentioned for developing advanced cathode materials and electrolytes of Li-Mg dual-ion batteries. Moreover, 
energy density of Li-Mg dual-ion batteries is compared with commercial Li-ion batteries and Mg batteries. By 
constructing dual-ion system, 2 times of energy density is obtained than Mg batteries even with the same 
Mo6S8 cathode. For this reason, Li-Mg dual-ion batteries is proved as a promising candidate of next-generation 
high energy-density rechargeable batteries. 
In chapter 8, general conclusions of the thesis is presented. Regarding the cathode, concomitant 
intercalation of Li-Mg dual ions is observed with Chevrel compound and spinel oxide cathodes, where Mg 
intercalation is found to be significantly improved in Li-Mg dual-ion electrolytes. Further investigation of this 
phenomenon with the first-principles calculations reveals that concerted interaction between preceding Li 
ions and following Mg ions can remarkably reduce the activation energy of Mg migration in cathode host, 
which effectively facilitates the Mg diffusion during intercalation reactions. Moreover, in the study of the Li-
Mg alloy anode, it is confirmed that dendritic growth of Li can be successfully suppressed by the co-
electrodeposition of Li-Mg dual ions, which means Li-Mg alloy anode can be used safely. Although the rocking-
chair-type Li-Mg dual-ion batteries are still under development stage and not yet ready for practical use, the 
electrode properties and phenomena investigated here provide intriguing perspectives and inspirations on 
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